In this work, we presented a facile pathway to fabricate polyanionic cellulosic microparticles by selective oxidation with sodium periodate firstly, followed by grafting sodium bisulfite to the 2,3-dialdehyde cellulose particles. The obtained polyanionic cellulosic microparticles with the particle size of 2-4 m had increased stability in water, and it had pH responsiveness. Moreover, the polyanionic cellulosic microparticles had excellent film-forming property, and the tensile strength of the film formed from pristine cellulose particles was about 40 MPa, and it increased to 64 MPa for the film formed from SRC-50 particles. Furthermore, the polyanionic cellulosic microparticles had certain reduction ability, and it could be used as coating to cover the surface of fruits or vegetables, and it could prevent the discoloration of the fresh-cut potato. The cellulose based particle coating with excellent antibrowning capacity, biocompatible, and environmentally friendly characteristics would be attractive for the applications in packaging material for food preservation.
Introduction
Coating is a powerful tool for modifying the surface properties of packaging materials [1] [2] [3] . It was well known that the surface properties have a key role in controlling the permeating of gas molecules, which could reduce the diffusion and migration rate of molecules in the film [4, 5] . In the packaging field, coatings were either on the out surface or between two substrates formed sandwiched structure. Normally, the thickness of the coating layer ranged from tenths of nanometers to a few micrometers [6] [7] [8] . Currently, more and more interests were focusing on the possibility of using high performing biobased materials as functional layers to increase the sustainability of packaging materials [9, 10] . Cellulose used in spray and foam coating technologies had some advantages; it could be used to coat very thin and uniform layers on the paper sheet, and some new functions like barrier properties for oxygen, water vapor, and grease/oil could be incorporated [11, 12] . Petri dishes modified with cellulose nanofibrils had some significant improvements in the mechanical properties, and the adding cellulose nanofibrils had a significantly improvement in air permeability. The improved mechanical strength and barrier properties of nanocellulose were related to its highly crystalline and cohesive energy density [13, 14] . In brief, cellulose used as coating material had a great potential in producing novel packaging materials. This type of coatings was usually tasteless, bendy, and odorless and was of low energy, transparent, resistance to oil and fat, hydrophilic in nature, moderate to oxygen diffusion, and moisture [15] [16] [17] . Moreover, it was one of the most promising candidates for using as biodegradable coating materials because of its biodegradability, abundance, and sustainability [18] . However, natural cellulose particle has poor stability in water and no active functional groups. In order to broaden the application fields of cellulose, functional modification was necessary [19] [20] [21] . Extensive researches had been performed to minimize the drawbacks of using coatings and making them more useful and functional in all ways. The in-situ synthesis of Ag nanoparticles in the cellulose matrix had been performed, and the Ag-cellulose composites had antimicrobial activity against E. coli and S. aureus [22] . Another 2 Advances in Polymer Technology pathway for the functionalization of the cellulose film with antibacterial properties was through dip-loading process; in this method, the cellulose film was immersed into the benzalkonium chloride solution; after being dried, the obtained cellulose film had antimicrobial activity against Staphylococcus aureus and Bacillus subtilis [23] . Paper coated with CNF and/or -cyclodextrin ( -CD) with controlled release properties had also been developed to deliver antibacterial chlorhexidine digluconate [24] . Antioxidants, flavors, and color agents were also added in the cellulose coatings through different method, and some added functional components possessed greater film-forming function for the cellulose coating [25, 26] .
We had put an intensive research on the cellulose dissolving and preparation of functional materials from the regenerated cellulose. In our previous works, a facile method had been developed for the preparation of regenerated cellulose particles with particle size less than 5 m, and O/W Pickering emulsion had been obtained by using the regenerated cellulose particles as stabilizers [27] . The effect of the contents of regenerated cellulose particles on the properties of the Pickering emulsions had been investigated. Furthermore, we presented a method for the hydrophobic modification of regenerated cellulose particles through selective oxidation with sodium periodate firstly, followed by grafting dodecylamine to the 2, 3-dialdehyde cellulose particles, and the hydrophobic modified cellulose particles had increased emulsifiability in O/W Pickering emulsion systems [28] . If the cellulose particle was used as coating materials, the stability in water was important for the application. Therefore, how to increase the stability of cellulose particles in aqueous state was a great challenge. In this work, polyanionic cellulosic microparticles had been prepared by selective oxidation with sodium periodate firstly, followed by grafting sodium bisulfite to the 2, 3-dialdehyde cellulose particles. The polyanionic cellulosic microparticles had certain reduction ability, and it could be used as coating to prevent the discoloration of the fresh-cut potato that resulted from the oxidation. The cellulose based particle coating with excellent antioxidant capacity, biocompatible, and environmentally friendly characteristics would be attractive for the applications in packaging material for food preservation.
Materials and Methods
. . Materials. Cotton linters was purchased from Hubei Chemical Fiber Co., Ltd. Lithium hydroxide, urea, ethylene glycol, hydroxylamine hydrochloride, sodium bisulfite, sodium periodate, disodium hydrogen phosphate, sodium dihydrogen phosphate, trichloroacetic acid, potassium ferricyanide, and ferric chloride were purchased from Sinopharm Chemical Reagent Co., Ltd. Potassium bromide was purchased from Aladdin Chemical Reagent Co., Ltd. DPPH was purchased from Shanghai yuanye Bio-Technology Co., Ltd.
. . Preparation of Cellulose Gel Particles. LiOH/urea/water mixed solution was prepared by dissolving 8.70 g of LiOH⋅H 2 O and 12.00 g of urea in 79.30 g water. Then, 2.00 g cotton linter (native cellulose) was added into the mixed solution. The obtained cellulose suspension was put into refrigerator (-20 ∘ C) for 12 hours. Then, it was thawed at room temperature to obtain cellulose solution. The cellulose solution was added into ethanol/water mixed solution with homogenization by using a homogenizer (IKA T18, Germany) at 5000 rpm; milk-like microparticles were obtained. After the removal of ethanol and inorganic salts, the cellulose gel particles were obtained.
. . Preparation of Sulfonated Regenerated Cellulose (SRC).
For the preparation of the polyanionic cellulosic aqueous particles, there were mainly two steps named oxidation and grafting process for the chemical modification. Briefly, different amounts of sodium periodates were added into the flask with three necks containing cellulose particles (100 mL, 1.0 wt%). The weight of sodium periodates was controlled to 0.0132 g (10% in theoretical oxidation degree of cellulose), 0.0264 g (20% in theoretical oxidation degree of cellulose), 0.0396 g (30% in theoretical oxidation degree of cellulose), 0.0528 g (40% in theoretical oxidation degree of cellulose), and 0.066 g (50% in theoretical oxidation degree of cellulose) according to the theoretical oxidation degree of cellulose, respectively. The reaction was carried out at 38 ∘ C for 6 h. The obtained oxidized cellulose particles based on the theoretical oxidation degree were coded as ORC-10, ORC-20, ORC-30, ORC-40, and ORC-50, respectively. Afterwards, the pH was adjusted to 4.5 for the following grafting reaction. NaHSO 3 was added into the oxidized cellulose particles with stirring. The reaction was carried out at 38 ∘ C for 5 h under stirring. Then the sample was dialyzed with deionized water and then freeze-dried. The obtained grafted cellulose particles were coded as SRC-10, SRC-20, SRC-30, SRC-40, and SRC-50, respectively. The pristine regenerated cellulose gel dispersion was coded as RCG.
. . Determination of Cellulose Oxidation Degree. The oxidation degree (OD) of the cellulose films was determined according to the reported method based on the Schiff base reaction between aldehyde groups and hydroxylamine hydrochloride. The oxidation degree was calculated through the following equation [29] :
where V 2 was the volume of hydrochloric acid consumed (mL); V 1 was the volume of hydrochloric acid consumed in blank experiment (mL); ( ) was the concentration of hydrochloric acid; m was the weight of each sample; and 161 was the average molecular weight when glucose units were translated into dialdehyde.
. . Determination of Reduction Capacity of SRC. The scavenging activity of hydroxyl radicals was measured according to the reported method [30] . 2.0 mL test sample was mixed with 2.0 mL of phosphate buffer (0.2 mM, pH 6.6) and 2.0 mL of 1% potassium ferricyanide (w/v). The mixtures were incubated for 20 mins at 50 ∘ C. After the incubation, 2.0 mL of Figure 1 : The chemical process for the introducing sulphurous acid groups onto cellulose through selectively oxidization and addition reaction.
10% trichloroacetic acid was added to the mixtures, followed through centrifugation at 3000 rpm for 10 mins. The upper layer (2 mL) was mixed with 2 mL of distilled water and 0.4 mL of 0.1% ferric chloride. The reaction mixture was shaken and incubated for 10 mins, and the absorbance of the resultant solution was measured at wavelength of 700 nm.
. . Characterizations. Fourier transform infrared (FT-IR) tests were carried out with a FT-IR analyzer (470-Nexus, Nicolet, USA) in wavenumbers ranging from 400 to 4,000 cm −1 . The samples were ground into powder and pressed with KBr to form a transparent pellet for the test. The morphology of cellulose particles was characterized by using a microscope equipped with a digital camera (Nikon 80i, Japan). The zeta potential of the pristine and modified cellulose particles was characterized with a Malvern Zetasizer Nano ZEN 3600. The rheological behavior of the cellulose microparticles suspensions and the formed emulsions were investigated by using Discovery HR-2 Hybrid Rheometer (TA Instruments, New Castle, DE, USA). Steady shear flow tests were performed at shear rates ranging from 1 to 1000 s −1 . The test temperature was kept at 25 ± 0.1 ∘ C; a layer of silicon oil was used to cover the exposed surface of the suspension to avoid the dehydration during the test process. The mechanical properties of the films were characterized with a tensile tester (CMT 6503, Shenzhen SANS Test machine Co. Ltd., China) according to ASTM/D638-91 with a speed of 2 mm•min −1 .
Statistics. Statistical analyses were carried out by using the SPSS 13.0 statistical analysis program, and the differences between trials were detected by Tukey test (P < 0.05). The results reported in the manuscript were for at least 3 times of repeated tests.
Results and Discussion
Surface-modified cellulose gel particles could be fabricated by combining oxidation reaction and grafting reaction to improve properties and expand applications of cellulosic materials. The chemical process for the introducing sulphurous acid groups onto cellulose through selectively oxidization and addition reaction was shown in Figure 1 . Periodate (NaIO 4 ) was used to oxidize the 2,3-hydroxyl groups in glucose unit; the obtained 2, 3-dialdehyde cellulose (DAC) was further introduced sulphurous acid groups via the addition reaction with sodium bisulfite (NaHSO 3 ). With the increase of the concentration of NaIO 4 , the aldehyde content of ORC was increased from 12.13% to 57.8%, as it was shown in Figure 2 . It indicated that more sulphurous acid groups could be grafted onto cellulose with the increased content of aldehyde groups, which would increase the stability of the cellulose particles in water, for more charged groups were introduced into cellulose scaffolds.
The dispersed state of the cellulose particles and sulfonated regenerated cellulose particles (SRCs) in water was shown in Figure 3 . The SRC microparticles were welldispersed, and the optical transmittance of dispersions was higher than that of the cellulose particles dispersions. The clearness of the SRCs was increased with the increasing degree of oxidation. The zeta potential of the regenerated cellulose particles was about -14 mV under neutral condition, and it was decreased to -23 mV for SRC-30, and it could be further decreased to about -54 mV for SRC-50. It indicated that the stability and dispersion of SRCs were improved. The high zeta potential of SRCs dispersions was ascribed to the contribution of sulphurous acid groups.
The morphologies of the RCG and SRCs particles were shown in Figure 4 . The particle size of the RCG was about 5 m, as it was shown in Figure 4(a) . While for the sulphurous acid modified cellulose microparticles, the particle size of SRCs was decreased to 2-4 m after the chemical modification process, and the stability of the modified cellulose microparticles had been improved. It suggested that 4 Advances in Polymer Technology the appropriate hydrophilic modification of the surface of the cellulose particles could increase its dispersion stability. Figure 5 showed the FT-IR spectra of the RC, ORC, and SRC. All samples had the absorption peaks of 1100 cm −1 and 1380 cm −1 , which corresponded to the C-O-C asymmetric stretching and -CH 2 bending vibration of cellulose, respectively. The absorption peaks of -C=O stretching appeared at 1726 cm −1 in ORC, and the absorption peaks of hydroxyl group (1159 cm −1 and 1059 cm −1 ) were observed in SRC; it indicated that the reaction of oxidation and grafting were successfully carried out on RCG particles. Meanwhile, the content of aldehyde group was increased with the increase of the concentration of NaIO 4 , according to the enhanced stretching vibration peaks of aldehyde group. While the absorption peaks of -C=O on SRC was almost disappeared, which suggested that the sulfite characteristic groups (-S=O) were effectively immobilized onto the ORC. The zeta potential and aggregation of SRC particles was tended to be affected by pH. Therefore, the influence of pH on the stability of obtained SRC was characterized.
With the increasing of pH from 2.0 to 10.0, the zeta potential was increased first and then decreased, and the SRC particles had the maximum potential absolute value at pH 5.0. When the pH was lower than 4.0, the zeta potential absolute value of SRC particles was below 20 mV. The gel particles were unstable and tended to flocculate. When the pH was exceeded 8.0, the particles became unstable with the decreasing potential values. The stability of the SRC particles in different pH could present the information of its application conditions. Advances in Polymer Technology Figure 6 showed the stress-strain curves of the films prepared from RCG and SRC with different oxidation degrees at ambient conditions. The stress was gradually increased, and the stress of SRC films was higher than that of pure RC film. The stress and strain points at break for RC, SRC-20, SRC-30, SRC-40, and SRC-50 films were measured as 39.9 Mpa, 3.5%; 57.3 Mpa, 1.7%; 43.4 Mpa, 1.1%; 62.6 Mpa, 2.5%; and 64.1 Mpa, 0.8%, respectively. It was obvious that the tensile strength of the SRC was higher than that of the RC films. It indicated that the mechanical property of the SRC films was not destroyed through the oxidation process of cellulose for the grafting reaction. The increased mechanical strength of SRC films was important for their potential application as coating materials.
The grafting of sulfite ions (SO 3 2− ) could endure materials with strong reducibility, which could effectively inhibit the oxidation and brown of fruits and vegetables. Therefore, reducing power assay was used to evaluate the potential antioxidant activity of RC and SRC with different oxidation and grafting degrees. As shown in Figure 7 , the absorbance of SRC obviously increased with the increasing concentrations, while the RC had little change in the absorbance; it suggested that unmodified RC gel particles had no antioxidant activity. At a concentration of 5 mg/mL, the absorbance of SRC-20, SRC-30, SRC-40, and SRC-50 was about 0.554, 0.616, 0.746, and 0.925, respectively. The results showed that the reducing power increased with the increasing content of sulfite ions grafted on the surface of cellulose, which indicated that SRC gel particles had enhanced antioxidant activity, and the antioxidant activity was increased with increasing the solid contents of the SRC particles. In addition, the SRC gel particles with good film-forming property and antioxidant activity could be a promising antibrowning agent for fresh-cut fruits or vegetables. The color changes of potato slices treated with SRC dispersions were measured by a colorimeter. The Δ was an indicator of integrated color differences comparing to the color of initial time, calculated as [31] ΔE = √ Δ * 2 + Δ * 2 + Δ * 2 (2) where * was the lightness, * was the reddish-greenish, and * was the yellowish-bluish. The * had a high correlation with the potato slices browning, which decreased with the increasing degree of browning discoloration. In Figure 8 , the value of * gradually decreased but the value of ΔΕ gradually increased with storage time. Importantly, the photo slices treated with SRC-50 dispersions had the highest L * value and the lowest Δ value at all the time points, which confirmed that the SRC-50 gel particles had an excellent antibrowning capacity.
Conclusions
In this work, polyanionic cellulosic microparticles with antioxidant capacity by introducing sulphurous acid groups onto cellulose were successfully prepared by combining oxidation and grafting reaction. The obtained SRC dispersions were well-dispersed and expressed the regular shape of sheet or bulk with the particle size of 2 -4 m by micromorphology observation. The formation of aldehyde group after oxidation was verified by FT-IR spectra, and the aldehyde content of ORC increased from 12.13% to 57.8% with the increase of NaIO 4 concentrations, which was beneficial in introducing more sulphurous acid groups. Moreover, the SRC dispersions could form the free-standing cellulose films after natural drying, which exhibited the higher tensile stress at the same strain (< 0.8%) with the increase of oxidation and grafting. Meanwhile, the SRC dispersions had enhanced antioxidant activity with the increasing solid contents or high oxidation and grafting degrees. Eventually, the color changes measurement of fresh-cut photo slices treated with SRC diapersions confirmed that the SRC effectively inhibited the browning of potato slices, which could be a good candidate for using as biodegradable coating material for food preservation.
